Abstract. In this study we show that mechanical properties of bioceramic scaffolds can be significantly improved by repeated infiltration with a low-viscosity polycaprolactone solution. Biphasic calcium phosphate (BCP: 70% hydroxyapatite, 30% β-tricalcium phosphate) scaffolds characterized by a bimodal pore size distribution and a global porosity of 70% have been chosen as starting materials. Polymer content in the ceramic scaffold was varied so that an inorganic/organic ratio close to that of bone may be achieved. Work of fracture at maximum stress was 36 J/m 2 for the ceramic scaffold alone and reached 127 J/m 2 for the 8-times infiltrated samples. These results are superior to the ones previously obtained with polycaprolactone infiltrated alumina due to higher micropore content. We show that during bending tests, polycaprolactone phase formed fibrils while the crack propagated. Crack bridging by polycaprolactone ensured the integrity of the composite once the ceramic scaffold was broken and directly involved in the composite toughening. Because of its composition, microstructure and mechanical behavior of this kind composite can be an interesting candidate for bone substitution.
Introduction
Biphasic compounds of hydroxyapatite and tricalcium phosphate (BCP, standing for Biphasic Calcium Phosphate) are today the most widely used synthetic materials for defective bone substitution because they have proven good biological properties (biocompatibility, bioactivity) and clinical successes in some specific applications [1, 2] . However, calcium phosphates are brittle, impairing their use for load-bearing applications and making difficult the handling by surgeons. To address this issue, several types of BCP-based composites have been suggested, for example scaffolds with additions of collagen or polylactide [3] , or granules with fibrin glue [4] . We propose that a composite made of sintered calcium phosphate porous blocks toughened with a biocompatible polymer phase may be an effective solution to reduce the brittleness of BCPs [5] . Many polymers have been investigated in recent years for medical applications, both natural and synthetic [6, 7] . Among them polycaprolactone (PCL) presents a high energy to fracture and a high elongation which makes it a good candidate for the improvement of the work of fracture of ceramic scaffolds. In a previous work, the positive role of polycaprolactone on the mechanical properties of alumina scaffolds has been proven [8] . In this study we show that after infiltration with a polycaprolactone solution, the mechanical properties of commercial calcium phosphate bone substitutes are considerably improved while the open-porous microstructure is maintained.
Materials and Methods
A commercial biphasic calcium phosphate (Atlantik, Medical Biomat, France) with high openporosity content was chosen for this study. Its composition is 70 wt.% hydroxyapatite and 30 wt.% β-tricalcium phosphate [9] . Samples size was 30x5x5 mm 3 . It has been proven that the resorption time of this kind of materials meets the one of bone regeneration [1] . Samples were infiltrated with a 4 wt.% solution of polycaprolactone (Aldrich, M n = 80,000 g/mol) in ethyl acetate. This is the maximum polymer content that leads to a sufficiently low viscosity of the solution. Indeed, solutions with a high viscosity cannot penetrate the core of the scaffold, resulting into a polymer gradient in the infiltrated scaffolds. Infiltration was repeated four or eight times to obtain the desired amount of polycaprolactone in the ceramic structure. Microstructure was assessed by Scanning Electron Microscopy (SEM, Philips XL20) and Mercury Intrusion Porosimetry (MIP, Micromeritics). Three point bending tests were used to evaluate the mechanical properties (cross head speed = 0.5 mm/min).
Results and discussion
The porosity of as received samples is ~70% as determined by MIP. Macropores size is between 300 and 600 µm, which meets the requirements for bone regeneration [10] . Two populations of pore interconnections are detected: one centered on 10 µm and the other on 1 µm. The former corresponds to the interconnection between macropores and the later to remaining porosity after sintering at low-enough temperature. Infiltration with polycaprolactone leads to polymer contents of ~12 and ~19 vol.% for 4-and 8-times infiltrated samples respectively and to the formation of a thin polymer layer at the surface of the micro-and macropores. Interestingly, the inorganic/organic ratio in bone and in our 8-times infiltrated composite are the same (1:1 by volume). As a consequence, the average interconnection size is reduced (respectively 8 and 0.5 µm for the two interconnection types after 8 infiltrations), but the pore structure is still completely interconnected. For bone substitution, a completely interconnected structure is required to promote cell adhesion and allow biological fluids penetration [10] . Since polymer infiltration only affects the average porosity size and interconnection, the openporous structure of the composite is preserved so that it remains accessible to cells and fluids. In Fig. 1 the microstructure of infiltrated calcium phosphate is compared to that of infiltrated alumina. In both cases the polymer film is homogenous, suggesting that the process could be extended to other kind of ceramic substrates. It seems that the viscosity of the polymer solution has a predominant role in the infiltration process. Another important analogy is that polycaprolactone forms microfibrils -due to infiltration of the polymer in the micropores of the ceramic-and macrofibrils once the ceramic scaffold is broken, so that the toughening mechanisms are similar for both types of composites.
As expected, the ceramic scaffolds break in a fragile, catastrophic way. The principal effect of polymer infiltration is to change the crack propagation behavior from a catastrophic to a controlled one: all infiltrated samples show a plastic plateau after the maximum stress value has been reached. The mechanical behavior of infiltrated samples during bending tests can be described by three stages: an initial stage characterized by a linear elastic behavior until the fracture of the ceramic scaffold (this corresponds to σ max ), followed by a drop of the stress and finally a stress plateau that can extend over several millimeters. In fact, as the crack opening increases, polycaprolactone is able to form fibrils that plastically deform until maximum elongation is locally reached [8] . This is accompanied by an increase in the work of fracture (from 36 J/m 2 for the ceramic scaffold alone to 127 J/m 2 for the 8-times infiltrated samples, measured at maximum stress) (Fig. 2) . Compared to polycaprolactone infiltrated alumina of our previous study [8] , the polymer effect on work of fracture is much more obvious on BCP scaffolds due to their higher microporosity. Polycaprolactone coating doesn't seem to play a significant role on maximum strength of our composites, while Komlev et al. have observed an increase in tensile strength concurrent to polymer infiltration. This may be due to differences in the nature of the polymer (polycaprolactone versus gelatin and polyvinyl alcohol), the architecture of the ceramic scaffold (morphology and quantity of porosity) or the testing method (3-point bending versus Brazilian test), but this point needs further investigation. Several analogies between our composite and bone can be pointed out. Firstly, even if several toughening mechanisms are present in human bone, it has been observed that one of them is crack bridging by collagen fibrils [11] ; in our composite a similar role is accomplished by fibrils of polycaprolactone. Secondly, a three-stage bending curve similar to the one obtained with polycaprolactone infiltrated samples have been found in rat tibia [12] .
Infiltrated samples guarantee much better mechanical performances than non-infiltrated ones for at least three reasons: the composite breaks in a controlled way (while the ceramic breaks catastrophically), it requires a higher work of fracture and finally the polymer preserves the integrity of the scaffolds even when the ceramic matrix has been broken. These results are also encouraging for matching mechanical properties of bone. Atlantik bone substitutes have proven high osteoconductivity [9] ; the presence of a polymer film on the surface might decrease this property. The choice of polycaprolactone was made because of its interesting mechanical properties. Since the resorption rate and osteoconductive properties of any polymer in such structures are unknown, polycaprolactone may not be the best candidate for the final application; this should be verified by in-vitro cell culture on the composite substitutes. In any case the versatility of the process allows the use of polymers with a potentially better biologicalmechanical properties balance.
Conclusion
Biphasic calcium phosphate scaffolds infiltrated with polyacaprolactone remain efficient in case of a premature break, due to its integrity conservation. This can be really interesting for surgeons as the bone substitute can be more easily shaped and placed in the body of the patient. Polymerinfiltrated calcium phosphates present a very interesting behavior when compared to their initial weakness. This process could be easily adapted to other composite systems, allowing the adjustment of the biological and mechanical properties to the bone of the patient.
